Introduction: Endocrine therapies targeting cell proliferation and survival mediated by estrogen receptor α (ERα) are among the most effective systemic treatments for ERα-positive breast cancer. However, most tumors initially responsive to these therapies acquire resistance through mechanisms that involve ERα transcriptional regulatory plasticity. Herein we identify VAV3 as a critical component in this process.
Introduction
Endocrine therapies are the cornerstone of the curative and palliative treatment of ERα-positive breast cancer. However, even patients who initially respond to these therapies may eventually develop resistance. Current knowledge of the molecular mechanisms of acquired resistance to endocrine therapies suggests a model in which crosstalk between ERα and growth factor signaling pathways plays an important role [1] [2] [3] . There may also be resistance mechanisms partially or totally independent of growth factor signaling, such as mutations in the ESR1 gene, which encodes for ERα, that alter ligand and/or coactivator binding [4] [5] [6] .
Beyond the alterations in growth factor signaling pathways identified to date, the binding plasticity of ERα to chromatin is central in therapeutic resistance and cancer progression [7] . This plasticity is mediated by the interaction of ERα with FOXA1 and, importantly, as a result, a rewired transcriptional program that endorses resistance [8] . In this scenario, however, it is not fully understood which transcriptional outputs-possibly those involved in growth factor signaling pathways-may be critical in the acquisition of the resistant phenotype.
In recent years, different breast cancer cell models have been generated in efforts to decipher the mechanisms of acquired resistance to endocrine therapies [3, 9, 10] . One popular model was based on the long-term estrogen deprivation (LTED) of the ERα-positive breast cancer cell line MCF7 [11] [12] [13] [14] . This model was designed to recapitulate the effects of the therapeutic use of aromatase inhibitors (AIs) in postmenopausal breast cancer [15] . Relevant differences, but also similarities, have been described between the MCF7-LTED model and other cell models of acquired resistance [16, 17] . Although this observation raises potential limitations, the results obtained with these models should be evaluated in the corresponding clinical settings. In our present study, in which we start with an analysis of the response of MCF7-LTED cells to different small compounds and then report our testing of predictions in different cohorts of breast cancer patients, we propose that VAV3/VAV3 is a key ERα-downstream determinant of the response to endocrine therapies.
Methods
Cell culture and viability assays MCF-7 cells were routinely cultured and maintained in Roswell Park Memorial Institute medium containing 10% fetal bovine serum and 2 mM glutamine. MCF7-LTED cells were established in phenol red-free medium containing 10% dextran-coated, charcoal-stripped serum [17] . All other cell lines used in this study were cultured according to standard protocols [18] . The epidermal growth factor (EGF) (Sigma-Aldrich, St Louis, MO, USA) was used at 10 ng/ml for 5 minutes. Cellular viability was evaluated using standard methylthiazol tetrazolium (MTT)-based assays (Sigma-Aldrich). The results of these assays are expressed relative to vehicle-treated controls and to the original time point.
Chemical compound screen
MCF7 and MCF7-LTED cells were plated in 384-well microtiter plates, and five compound dilutions (1 nM to 10 μM final concentration) from the Library of Pharmacologically Active Compounds (LOPAC1280) (1,258 compounds; Sigma-Aldrich) were added to the cultures. Cell viability was assessed after 72 hours using MTT-based assays and the EnVision spectrofluorometer (PerkinElmer, Waltham, MA, USA). The screen was performed in triplicate. Data quality was assessed (Z′-factor > 0.5 for all screens), and data analysis was performed using the cellHTS2 module in the Screensaver database [19] . The data were normalized between 0 and 1 using positive (1 μM phenylarsene oxide) and negative (0.1% dimethyl sulfoxide (DMSO)) controls. For hit selection, the difference between the normalized percentage inhibition (NPI) in MCF7 and MCF7-LTED cells was calculated by subtraction (ΔNPI = NPI(MCF7-LTED) − NPI(MCF7)), and the differentials were clustered with the MeV software package [20] using the Cluster Affinity Search method with the Euclidean distance metric (threshold of 0.7). Based on the 18 clustered differential profiles, 83% of the compounds (n = 1,047) had no differential effect between the cell lines, 1% (n = 13) were more selective towards MCF7-LTED cells and 0.5% (n = 6) were more selective toward MCF7 cells. The YC-1 compound was purchased from Sigma-Aldrich and from Chemgen Pharma International (custom synthesis order; Calcutta, India), and erlotinib was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
cGMP, subcellular fractionation, and Western blotting
The cGMP levels were measured using the Amersham cGMP Direct Biotrak EIA system (GE Healthcare Life Sciences, Pittsburgh, PA, USA). Fractionation was performed with a subcellular protein fraction kit (Thermo Fisher Scientific, Asheville, NC, USA). Cells were lysed in buffer containing 50 mM Tris-HCl pH 8, 0.5% Nonidet P-40, 100 mM NaCl and 0.1 mM ethylenediaminetetraacetic acid, supplemented with protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN, USA) and 1 mM NaF. Lysates were clarified twice by centrifugation at 13,000 × g, and protein concentration was measured using the Bradford method (Bio-Rad Laboratories, Hercules, CA, USA). Lysates were resolved in SDS-PAGE gels and transferred to Immobilon-P membrane (EMD Millipore, Billerica, MA, USA) or polyvinylidene fluoride membrane (Roche Molecular Biochemicals), and target proteins were identified by detection of horseradish peroxidase-labeled antibody complexes with chemiluminescence using an Amersham ECL Western Blotting Detection Kit (GE Healthcare Life Sciences).
ERα structural analysis and binding assay
Chains A and C of the RCSB Protein Data Bank (PDB) structure 3OS8 [Swiss-Prot:P03372] were superimposed and used as representative structures of the partially constrained and unconstrained forms, respectively. Hydrogen atoms and protonation states were automatically assigned using the Protonate 3D function of the Molecular Operating Environment (Chemical Computing Group, Montreal, QC, Canada) [21] , and the structures were saved in Mol2 file format, which was then used as input for docking analysis in rDock [22] . The cavity was defined as the available space 6 Å around the crystallized ligand. Both WAY6 and YC-1 were docked to each of the conformations in exhaustive sampling mode (100 genetic algorithm runs). The binding mode in chain A (binding mode 1, as previously described [23] ) was considered to be responsible for the partial agonist activity, and the binding mode in chain C (binding mode 4, as previously described [23] ) caused a shift in the conformation of helices 3 and 11, which displaced helix 12 and resulted in an inactive state. To test the performance of the docking program, WAY6 bound to chain C was cross-docked to chain A, and vice versa. The experimental binding mode of WAY6 was reproduced in both cases, although modes 1 and 4 scored very similarly in chain C, suggesting that these modes can coexist in the unconstrained (inactive) conformation. By contrast, binding mode 4 was clearly disfavored in chain A, indicating that this binding mode is incompatible with the partially constrained (active) conformation. The ERα agonist fluoligand assay was performed by Cerep (Paris, France) using YC-1 final concentrations from 10 to 250 μM.
Gene expression analyses
RNA samples were extracted using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) and the RNeasy kit (QIAGEN, Valencia, CA, USA), and quality was evaluated in the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNAs were amplified using the Ribo-SPIA system (NuGEN Technologies, San Carlos, CA, USA) and subsequently hybridized on the Human Genome U219 microarray platform (Affymetrix, Santa Clara, CA, USA). The data have been deposited in the Gene Expression Omnibus (GEO) [GSE:38829]. Publicly available whole-genome expression data for 51 breast cancer cell lines were analyzed using the preprocessed and normalized values [18] . The Gene Set Expression Analysis (GSEA) was run using default values for all parameters [24] . Preprocessed and normalized microarray data from breast tumors and tumor response to tamoxifen were taken from the corresponding repositories: the Stanford microarray repository (NKI-295 data set) [25] and the GEO record [GSE:9195], respectively. Cox proportional hazard regression analysis was used to evaluate differences in distant metastasis-free survival according to VAV3 expression (three microarray probes were treated independently).
Chromatin immunoprecipitation data analysis
Chromatin immunoprecipitation (ChIP) data were downloaded from the GEO database [GSE:32222] [7] and analyzed using MACS version 2.0.9 software (macs2diff function) [26] . Significance was defined by a Q-value <0.01 and using default values for the remaining parameters. Differentially bound genomic regions were annotated to the closest ENSEMBL (hg19) annotated gene using the R-Bioconductor package ChIPpeakAnno [27] . Previously aligned reads were extracted from the sequence read archive [SRP:032421], and sequence counts were normalized to the library size. ERα and nonspecific immunoglobulin control (IgG) ChIP assays were performed as previously described [28, 29] . Briefly, the DNA was purified using a phenol-chloroform extraction protocol, the antibodies used were anti-ERα (SC-543 and SC-7207; Santa Cruz Biotechnology) and anti-IgG (ab46540; Abcam, Cambridge, UK), and three independent biological replicates were obtained in all cases. The primers used were site 1: forward 5′-CACTTCCTTTCCTGGTTGGA-3′ and reverse 5′-AGTAAAAGGGGTGCCCTCTC-3′, and site 2: forward 5′-TGTGGTGTTTCCTGTTAGT GG-3′ and reverse 5′-TTGCCAATAACTTAAAGCGTA GG-3′.
Antibodies and RAC1 activity assay
The antibodies we used were anti-E2F1 (KH95; Santa Cruz Biotechnologies), anti-epidermal growth factor (anti-EGFR) (1005; Santa Cruz Biotechnologies), anti-ERα (SP-1; Abcam), antibody against phosphorylated extracellular signal-regulated protein kinases 1 and 2 (anti-phospho-ERK1/2) (D13.14.4E; Cell Signaling Technology, Danvers, MA, USA), anti-NUP62 (nucleoporin 62 kDa, clone 53; BD Transduction Laboratories, San Jose, CA, USA), anti-PAK1 (2602; Cell Signaling Technology), anti-RAC1 (05-389; EMD Millipore), anti-phospho-serine 235/236 ribosomal S6 (D57.2.2E; Cell Signaling Technology), anti-VAV3 (07-464, Millipore; and 2398, Cell Signaling Technology), anti-phospho-tyrosine 173 VAV3 (anti-pT173 VAV3, ab52938; Abcam) and anti-tubulin α (anti-TUBA) (DM1A + DM1B; Abcam). Secondary antibodies for used for immunofluorescence (Alexa Fluor) were obtained from Molecular Probes (Eugene, OR, USA). To measure RAC1 activity, we used the Rac1 G-LISA Activation Assay Biochem Kit (BK128; Cytoskeleton, Denver, CO, USA).
The MYC-Vav3 wild-type and oncogenic expression constructs we used have been described previously [30, 31] .
Short hairpin RNA assays
For the ESR1 and VAV3 expression depletion assays, we used MISSION shRNA (Sigma-Aldrich). The lentiviral packaging, envelope, control and green fluorescent protein (GFP) expression plasmids (psPAX2, pMD2.G, non-hairpin-pLKO.1, scrambled-pLKO.1 and pWPT-GFP) were purchased from Addgene (Cambridge, MA, USA). Production and collection of lentiviral particles were carried out according to a modified Addgene protocol. Initial viral titers >5 × 10 5 /ml were confirmed by Lenti-X GoStix lentivirus testing (Clontech Laboratories, Mountain View, CA, USA), and supernatants were then concentrated by ultracentrifugation or with the Lenti-X Concentrator (Clontech Laboratories) and stored at −80°C. Concentrated viral supernatants were titrated for optimal inhibition of the target.
Genetic association study
The Institutional Review Board of the Institute of Medical Science (The University of Tokyo) approved the study, and written informed consent was obtained from all patients. A total of 240 patients with primary breast cancer, recruited by the Shikoku-*10 collaborative group (Tokushima Breast Care Clinic, Yamakawa Breast Clinic, Shikoku Cancer Center, Kochi University Hospital and Itoh Surgery and Breast Clinic), Kansai Rosai Hospital, Sapporo Breast Surgical Clinic and Sapporo Medical University Hospital from September 2007 to September 2008, were included in the genome-wide association study (GWAS), and 105 patients recruited by the same centers from October 2008 to January 2010 were included in the replication study. All patients were Japanese women pathologically diagnosed with ERα-positive invasive breast cancer. They received adjuvant tamoxifen monotherapy between 1986 and 2008. The data on primary breast cancer diagnoses or recurrences were confirmed by extraction from the patients' medical records. Patients without recurrence were censored at the date of the last clinical evaluation. Recurrence-free survival time was defined as the time from surgical treatment to the diagnosis of breast cancer recurrence (locoregional, distant metastasis or contralateral breast events) or death. Patients received tamoxifen 20 mg/day for 5 years. Treatment was stopped at the time of recurrence. Genomic DNA was extracted from peripheral blood or frozen breast tissue using the QIAGEN DNA Extraction Kit. In the GWAS, 240 patients were genotyped using the Illumina Human610-Quad BeadChip array (Illumina, San Diego, CA, USA). Quality control was assured by excluding single-nucleotide polymorphisms (SNPs) with low call rates (<99%) and those with a Hardy-Weinberg equilibrium P-value <1.0 × 10 −6 .
SNPs with a minor allele frequency <0.01 were also excluded from the analyses. The multiplex PCR-based Invader assay (Third Wave Technologies, Madison, WI, USA) on ABI PRISM 7900HT (Applied Biosystems, Foster City, CA, USA) was used in the replication study. For statistical analysis, recurrence-free survival curves were estimated using the Kaplan-Meier method. The statistical significance of relationships between clinical outcomes and genetic variations was assessed using a logrank test.
Tumor series and immunohistochemistry
For the Bellvitge Institute for Biomedical Research (IDIBELL, Barcelona, Spain) cohort, the IDIBELL Ethics Committee approved the study and written informed consent was obtained from all patients. Twenty-nine patients treated with primary endocrine therapy before surgical excision of breast tumors were chosen from the clinical database activity of the Catalan Institute of Oncology (ICO) Breast Cancer Unit. All patients were postmenopausal and diagnosed with ERα -positive and HER2negative breast cancer. The patients received treatment with either an ERα antagonist (tamoxifen or toremifene) or an aromatase inhibitor (letrozole or exemestane). Patients received therapy until a maximum response was achieved (range, 4 to 27 months), unless tumor progression was observed during a twice-monthly radiological and clinical assessment. After endocrine therapy was completed, full tumor excision was performed by either lumpectomy or radical mastectomy. Response was defined as the percentage of fibrosis and other patterns of pathological response attributable to tumor reduction at surgery. Tissue was obtained at surgery or biopsy, fixed in buffered formalin and processed for use in paraffinembedded sections. A Stockholm cohort was analyzed in the Swedish study, which consisted of postmenopausal breast cancer patients enrolled in a randomized adjuvant trial between November 1976 and April 1990. The study design and long-term follow-up data were previously reported in detail [32] . Ethical approval for the Swedish study was obtained from the Karolinska Institute Ethics Council. Immunohistochemistry was performed using the heat-mediated antigen retrieval method with citrate buffer. The VAV3 polyclonal antibody used for immunohistochemistry has been described previously [30] . Scoring of the immunohistochemical results was performed in a blind and independent manner by two pathologists.
Results

A chemical compound screen identifies YC-1 as reducing viability of cellular models of acquired resistance
Acquired resistance to aromatase inhibitors in postmenopausal women can be modeled in MCF7-LTED cells [17] . Using this model, we carried out a cell-based chemical compound screen out to identify potential therapeutic strategies that could prevent and/or overcome resistance. More than 1,200 compounds were assessed for their differential effect on the viability of MCF7-LTED cells (as defined by MTT-based assays) relative to the parental MCF7 cells. Thirteen compounds showed higher relative inhibition in MCF7-LTED cells ( Figure 1A and Additional file 1: Table S1 ). Subsequent validation using independent cell cultures and compound solutions identified YC-1 (3-(5′-hydroxymethyl-2′-furyl)-1-benzylindazole) as being the most effective, with a 27-fold difference in the half-maximal inhibitory concentration (IC 50 ) was revealed between MCF7-LTED and MCF7 cells (4.9 μM and 131 μM, respectively) ( Figure 1B) .
YC-1 is a direct activator of soluble guanylyl cyclase (sGC) Thus, increased levels of cGMP were observed in cell cultures exposed to this compound ( Figure 1C ). Next, the effect of YC-1 on a collection of breast cancer cell lines was examined. IC 50 values <10 μM were obtained for several cell lines (Additional file 2: Table S2 ), including MCF7-LCC9 and MCF7-LY2, which correspond to models of acquired resistance to fulvestrant and to the raloxifene analogue LY-117018, respectively. These cell lines also showed cross-resistance to tamoxifen [33, 34] .
Intriguingly, an activator of sGC derived from the structural development of YC-1, BAY 41-2272, displayed a lower differential inhibitory effect (Additional file 3: Figure S1A ). In addition, assessment of another sGC activator, A-350619, and complementary evaluation of an inhibitor of phosphodiesterase activity did not reveal the expected differences (Additional file 3: Figure S1B ). Although YC-1 has been used extensively in cancer research, including preclinical studies in breast cancer [35] , it is unclear whether a direct target beyond sGC exists.
YC-1 binds to estrogen receptor α
To investigate novel molecular targets of YC-1, the chemical structure of YC-1 was used to query the ChEMBL [36] and BindingDB [37] databases for similar compounds with reported biological activity. Strikingly, WAY-169916, which has been shown to bind ERα [38] , and a series of related compounds [23, 39] were retrieved at a 60% similarity cutoff value. WAY-169916 is an unusual ERα ligand: It is able to bind ERα, leading to its constrained or unconstrained conformation (responsible for partial agonist activity, binding mode 1, or for an antagonist effect, binding mode 4, respectively) [23] . The relative preferences for these ERα conformations explain the graded activities across the compound series [23] . Thus, compound 6 (hereinafter referred to as WAY6) was the WAY-169916 analogue most similar to YC-1 (Figure 2A ), which was found to lead preferentially to the unconstrained conformation [23] .
Molecular docking was used to examine the potential binding mode of YC-1 to ERα. The predicted mode was very similar to binding mode 1 of WAY6 when docked in both the partially constrained ( Figure 2B ) and unconstrained (Additional file 4: Figure S2A ) conformations. Although a binding mode similar to binding mode 4 was also found to be possible in the latter conformation (Additional file 4: Figure S2B ), it had a lower score. As shown in Figure 2B , the binding mode of YC-1 was almost perfectly aligned with WAY6 and maintained the main molecular interactions with ERα, which comprised van der Waals contacts with the lipophilic cavity and a double hydrogen bond with Glu353 and Arg394. The absence of the trifluoromethyl group, which is engaged in a weak hydrogen bond with His524, could cause some loss of potency, but this group was not essential for the biological activity in the WAY-169916 series [38] .
The MCF7-LTED model was previously shown to be less sensitive to fulvestrant than the parental MCF7 [17] , and this difference appeared to be coherent with the described differential ERα binding mode of fulvestrant relative to WAY-169916 [23] . Next, to validate the binding prediction between YC-1 and ERα, we performed an agonist fluoligand assay, which showed the competition with fluorescein-labeled estradiol. The results of this assay revealed YC-1 IC 50 and K i values of 33 μM and 26 μM, respectively ( Figure 2C ), which are in agreement with the inhibitory effects observed in the cell lines (Additional file 2: Table S2 ). Intriguingly, two of the cell lines that showed relative inhibition by YC-1 (AU565 and SKBR3) are generally considered ERα-negative [18] . Thus, the combined targeting of at least sGC and ERα would make it difficult to interpret the phenotypic consequences of therapy based on YC-1. Consequently, the specific molecular perturbations mediated by YC-1 should be identified.
Molecular perturbations mediated by YC-1
Having defined breast cancer cell lines with relatively higher sensitivity to YC-1, we evaluated the existence of a common molecular signature among these lines. The GSEA [24] tool was used to examine gene set expression differences between cell lines of "high" and "low" sensitivity (defined by an IC 50 threshold of 10 μM) (Additional file 2: Table S2 ). The cell lines with higher sensitivity to YC-1 had overexpression of cell cycle pathway genes, whereas the less sensitive cell lines cells showed overexpression of ribosome pathway genes, among others (Additional file 5: Figure S3 and Additional file 6: Table S3 ). These results are consistent with the increased dependence of the cell cycle and proliferation highlighted in endocrine therapy resistance in previous studies [40] .
To examine the potentially selective YC-1 mechanism of action in models of acquired resistance, the levels and subcellular localization of ERα were examined. Although both were altered by YC-1 treatment, no substantial differences were observed between MCF7 and MCF7-LTED cells (Additional file 7: Figure S4 ). Subsequently, whole-genome expression data were obtained for both cell lines in basal and YC-1 exposure conditions. Consistent with the results described above, expression of the ribosome pathway was clearly differentiated between MCF7 and MCF7-LTED cells in basal conditions and with exposure to YC-1 (Additional file 8: Figures S5A and S5B and Additional file 9: Table S4 ). Exposure to YC-1 led to a significant alteration of the cell cycle pathway in both settings (Additional file 8: Figure S5B ). Accordingly, targets of a central positive regulator of the cell cycle, E2F1, were revealed to be significantly underexpressed with exposure to YC-1 (Additional file 10: Table S5 ). Protein analysis revealed a larger relative decrease in the expression of this transcription factor in MCF7-LTED cells exposed to YC-1 (Additional file 8: Figure S5C ). Together, these results indicate that YC-1 may reduce the potential of cell proliferation in such a way that MCF7-LTED cells are relatively more sensitive.
Having observed pathway differences, we aimed to identify the largest gene expression differences between MCF7 and MCF7-LTED cells exposed to YC-1. Thus, we defined a twofold or greater change in MCF7-LTED cells (between basal and YC-1 conditions), and a 1.5-fold or greater expression change in MCF7 cells. In this analysis, we identified 19 and 8 genes, respectively, that were down-and upregulated in MCF7-LTED cells exposed to YC-1 ( Figure 3A) . Consistent with the binding of YC-1 to ERα, many of these perturbed genes corresponded to loci that are differentially regulated by ERα in endocrine therapy resistance. Analysis of ChIP data of responsive and nonresponsive breast tumors [7] revealed significant differential ERα binding at several of these loci, with 10 of 27 showing increased binding in the nonresponsive setting ( Figure 3B ). From among this set, VAV3 was further included in a 271-gene list associated with poor clinical outcome [7] . Following on from these observations, we performed ERα ChIP assays using extracts of MCF7 and MCF7-LTED cells in basal (DMSO) or YC-1-exposed conditions. By this method, we found two VAV3 sites with significant binding of ERα relative to the nonspecific immunoglobulin control ( Figure 3C ). In addition, both sites showed ERα sensitivity (that is, lower binding) with exposure to YC-1, and one site (binding site 1) had significantly more binding (2.4-fold) in MCF7-LTED cells than in MCF7 cells ( Figure 3C) . Similarly, specific analysis of these sites in the original breast cancer data set [7] showed substantial ERα binding in nonresponder and metastasis cases ( Figure 3D ). Consistent with these observations, and among the potential ERα downstream effectors identified above, VAV3 showed the highest expression associated with ESR1 in breast tumors [25] (mutual information = 0.23, P < 0.001). Moreover, shRNA-mediated depletion of ERα revealed a decrease of VAV3 in MCF7-LTED cells, but not in parental MCF7 cells ( Figure 3E ). Collectively, these results indicate that VAV3 function may be critical in endocrine therapy resistance governed by ERα transcriptional regulatory plasticity.
VAV3 is perturbed by YC-1 and determines acquired resistance
Consistent with the observations described above, total and pY173 VAV3 (whose phosphorylation regulates activity) [31, 41] decreased in MCF7-LTED cells, but not in MCF7 cells, exposed to YC-1 ( Figure 4A ). According to the position of VAV3 in its canonical signaling pathway, EGFR levels were decreased in both MCF7 and MCF7-LTED cells exposed to YC-1, but ERK1/2 phosphorylation was decreased only in MCF7-LTED cells exposed to YC-1 ( Figure 4A ). In addition, PAK1 and RAC1 levels were not altered under these conditions ( Figure 4A ). Similarly to MCF7-LTED, MCF7-LCC9 cells exposed to YC-1 showed loss of expression of VAV3, but not of PAK1 or RAC1 ( Figure 4B ). Nonetheless, depletion of VAV3 reduced RAC1 activity in both MCF7 and MCF7-LTED cells, and this alteration was recovered through reconstitution using a shRNA-resistant MYC-Vav3 expression construct (Additional file 11: Figure S6 ).
Next, lentivirus-mediated transduction of shRNAs directed against expression of VAV3 significantly reduced the viability of MCF7-LTED and MCF7-LCC9 cells relative to MCF7 cells (P < 0.05) ( Figure 4C) . A clonogenic assay also indicated relative loss of viability of MCF7-LTED cells, and, to a lesser extent, MCF7-LCC9 cells, with shRNA-mediated depletion of VAV3. Differences relative to MCF7 cells were <0.8-fold ( Figure 4D ). Reconstitution with MYC-Vav3 significantly recovered proliferation in MCF7-LTED cells, although not to the level of the shRNA control assay ( Figure 4E ), which might have been due to Vav3 overexpression (Additional file 11: Figure S6 ) and/or to specific roles of splicing variants. Reconstitution with Vav1 or Vav2 could not be assessed, as the overexpression of the murine counterparts caused cell death (data not shown). Analysis of poly(ADP-ribose) cleavage did not reveal substantial differences among the cell lines ( Figure 4F ), which further indicates that YC-1 primarily inhibits cell proliferation. Thus, a reduction in E2F1 was observed in MCF7-LTED cells exposed to 2 μM YC-1 ( Figure 4G ). These results are also consistent with those of VAV3 depletion in prostate cancer cells [42] .
VAV3/VAV3 association with clinical outcome
Having identified VAV3 as a determinant of acquired resistance in cellular models, we next assessed its relevance in the clinical scenario. By examining the results of a Japanese GWAS regarding response to tamoxifen [43] , we identified 20 SNPs in VAV3 that are associated with clinical outcomes (logrank P-values <0.05) (Additional file 12: Table S6 ). In a subsequent assessment of an independent patient series, the associations in several SNPs were replicated. Of the variants analyzed, rs10494071 showed the strongest association in the combined analysis (P = 8.4 × 10 −4 ) ( Figure 5A ). The rs10494071 variant is located within VAV3 intron 19 ( Figure 3C ) and may represent an expression quantitative trait locus. In a study of monocytes [44] , the minor allele was associated with lower expression levels of VAV3 (P = 2.2 × 10 −11 ).
An association between the rs10494071 minor allele, which in turn was associated with a better tamoxifen response ( Figure 5A) , and lower germline expression of VAV3 seemed to be consistent with mediation of resistance by this signaling component. Next, we analyzed an expression data set from ERα-positive breast cancer patients treated with tamoxifen [45] . The results of this analysis also suggest that low VAV3 expression might be associated with better outcomes (logrank P-values <0.05 for two probes) ( Figure 5B ).
Complementarily to the germline association study, we assessed a series of 29 breast tumors, which had been collected by biopsy after endocrine therapy, for VAV3 expression by immunohistochemistry. A negative correlation (Pearson's correlation coefficient = −0.51, P = 0.006) was revealed between the scores of VAV3 staining (low, medium or high) and the pathological response to therapy (that is, tumor reduction) ( Figure 5C ). These 29 cases included a variety of endocrine therapies, but no bias with respect to therapy type was apparent. Moreover, consistent with the role of VAV3 in promoting breast cancer progression [30] , comparatively higher staining was observed at the tumor fronts ( Figure 5D ). In addition, higher staining scores could be linked to nuclear positivity (insets in Figures 5C and 5D) , and, intriguingly, this localization has previously been shown to be necessary for the function of the androgen receptor in prostate cancer [46] .
To further assess the above-described immunohistochemical association, we performed an independent tumor tissue microarray analysis with detailed molecular, histopathological and clinical information [32, [47] [48] [49] . The results of this study revealed a significant association between the benefit of tamoxifen therapy and low nuclear VAV3 staining. Conversely, high nuclear VAV3 was not associated with tamoxifen benefit ( Figure 5E ). In addition, nuclear VAV3 was found to be positively correlated with markers of poor therapy response, particularly phospho-Ser305 ERα and nuclear phospho-Ser473 AKT (P-values <0.01) ( Table 1 ) [48] . These correlations, and those between cytoplasmic VAV3 and tumor size and grade, as well as ERα/PR status, were analogous to those previously observed for nuclear and cytoplasmic PAK1 [49] (Table 1 ). The interpretation of the negative and positive correlations, respectively, of phospho-Ser65 4EBP1 and nuclear S6K2 [47] with nuclear VAV3 may be more complex; indeed, we observed a modest correlation between cytoplasmic VAV3 and phospho-Ser2448 mammalian target of rapamycin (mTOR) (P = 0.034). Together, these data reinforce the link between the VAV3 signaling axis and resistance to endocrine therapy.
Therapeutic strategy based on VAV3 evidence
Therapy based on YC-1 should be discouraged because of its multiple targets. In addition, to date, no compounds that specifically target VAV proteins have been identified. Having identified a critical role for VAV3, we hypothesized that compounds whose IC 50 value is inversely correlated with VAV3 expression might represent promising therapeutic strategies for the endocrine therapy-resistant setting. To test this hypothesis, we analyzed data from the Genomics of Drug Sensitivity in Cancer project [50] . In this analysis, we found that the strongest positive and negative IC 50 correlations with VAV3 expression across all cancer cell lines were for thapsigargin and erlotinib, respectively ( Figure 6A ). These correlations appeared robust in the analysis of breast cancer only ( Figure 6A, insets) . Notably, the finding that VAV3 expression opposes the effect of thapsigargin is congruent with those of previous studies of VAV proteins [51, 52] . Conversely, erlotinib inhibits EGFR, which has been extensively linked to endocrine therapy resistance [1, 53] . Importantly, VAV3 functions downstream of receptor protein tyrosine kinases, which include EGFR [54] . In accordance with these observations, exposure to erlotinib significantly reduced the viability of MCF7-LTED relative to MCF7 cells ( Figure 6B ). VAV3 expression was not reduced by exposure to erlotinib (contrary to exposure to YC-1), but we observed a partial reduction in pY173 VAV3 in MCF7-LTED cells ( Figure 6C , top panels). Accordingly, exposure to EGF increased pY173 VAV3 in this setting ( Figure 6C , bottom panels). Collectively, these results further endorse a critical role for VAV3 in endocrine therapy resistance.
Discussion
The results of this study suggest that VAV3 function mediates the response to endocrine therapies in breast cancer and, as a result, the acquisition of resistance. In this context, VAV3 might be a key effector whose expression is differentially regulated by ERα [7] . Thus, the expression regulation of VAV3 would be relatively more dependent on ERα in the endocrine therapy-resistant setting. Conversely, in previous studies, researchers have proposed that VAV3 is an activator of ERα [55, 56] . These observations could indicate the existence of a feedback mechanism that would ultimately regulate growth factor signaling. Indeed, VAV3 has been shown to activate receptor protein tyrosine kinases and RAC1 [54] [55] [56] , and an inhibitor of this protein can decrease both estrogen-induced cell proliferation and MCF7-tamoxifen-resistant cell growth [56] . Notably, authors of an independent report identified VAV3 as a marker for posttreatment recurrence of prostate cancer [57] . Together with our analysis of VAV3 in breast tumors, these observations further endorse the link between the VAV3-RAC1-PAK1 signaling axis and resistance to endocrine therapies. Nevertheless, analysis of differential gene expression by exposure to YC-1 may point to complementary mediators of endocrine therapy resistance. Activation of ERBB4 has previously been linked to this setting [58] [59] [60] , and two other identified perturbations (GLI3 and PTCH1) belong to the Hedgehog signaling pathway, which has been highlighted as a possible therapeutic target in this setting [61] . Whether these proteins act functionally in concert with VAV3 or whether they represent necessary alterations in different biological processes or pathways remains to be determined. The association between genetic variation in VAV3 and the response to tamoxifen could allow the stratification of patients according to potential clinical benefit. However, this association should be replicated in independent studies with larger samples. The rs10494071 minor allele has a relatively high frequency in the Japanese population, but is rare in individuals of European ancestry (45% and 5%, respectively, according to HapMap data). This is also the case with a variant in linkage disequilibrium with rs10494071 (data not shown). These observations indicate that an attempt to replicate the association in a non-Japanese population will require dense genotyping at the specific locus.
Although the results of the genetic association should be replicated, they are consistent with the anticipated functional role of VAV3 and with the observations made in gene expression analyses. In our present study, we identified an association between the rs10494071 minor allele and better tamoxifen response, and, in turn, we found in our analysis of a tumor data set that low VAV3 expression correlates with better tamoxifen response [45] . Additionally, these observations seem to be coherent with the role of the rs10494071 variant as an expression quantitative trait locus for VAV3, with the minor allele being associated with significantly lower gene expression in monocytes [44] . Importantly, in a previous study in which the researchers identified VAV3 as a marker for posttreatment recurrence of prostate cancer, the association was in the same direction [57] . Moreover, these results are consistent with, and the conclusions further endorsed by, the associations revealed for nuclear VAV3 and tamoxifen therapy response, as well as the observed correlations between the expression of VAV3 and known tumor markers linked to therapy response. However, further work is required to elucidate the functional difference between nuclear and cytoplasmic VAV3, which is reminiscent of the results for PAK1 [49] and could be linked to the activation of the androgen receptor, as previously shown in prostate cancer [46, 62] .
It has been firmly established that growth factor signaling influences the response to endocrine therapies and, consequently, the acquisition of resistance. Among other evidence, overexpression of growth factor receptors, including EGFR, has been associated with decreased sensitivity to endocrine therapy and poorer prognosis [63] . Akin to this observation, other researchers have reported that cell models of endocrine therapy resistance overexpress several growth factor receptors, also including EGFR [17] . In turn, these observations have led to the design of clinical trials to assess the target inhibition of the receptors [64] . In this scenario, the analysis of VAV3 expression and/or function could potentially help to identify patients that may benefit from therapies aimed at preventing and/ or overcoming endocrine therapy resistance.
Conclusions
In this study, we have identified VAV3 as a critical mediator of endocrine therapy resistance in breast cancer downstream of ERα and growth factor receptor signaling. The expression of VAV3 may be specifically regulated by ERα in the endocrine therapy-resistant setting. The results of our genetic and immunohistochemical studies indicate that VAV3/VAV3 represents a promising biomarker for predicting the response to endocrine therapies. Despite the lack of targeted therapies for VAV proteins, inhibition of EGFR signaling could potentially prevent and/or overcome endocrine therapy resistance mediated by VAV3.
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Additional file 3: Figure S1 . Assessment of the activation of sGC in the viability inhibition of MCF7-LTED cells. (A) BAY 41-2272 shows an effect, but less than that of YC-1. (B) A-350619 (activator of sGC) and sulindac sulfide (inhibitor of phosphodiesterase) do not show the predicted effects in MCF7-LTED cells. In fact, the contrary is observed; A-350619 appears to be more effective in MCF7 cells.
Additional file 4: Figure S2 . Study of the binding mode of YC-1 to ERα. (A) Predicted binding mode of YC-1 (purple) in the unconstrained conformation of ERα (chain C, PDB code 3OS8). The binding mode of WAY6 (white sticks) is shown as reference. (B) Docking pose of YC-1 (purple) in the unconstrained conformation of ERα (chain C, PDB code 3OS8) resembling the experimentally observed structure. This binding mode is three score units worse than the one shown above. The binding mode of WAY6 (white sticks) is shown as reference.
Additional file 5: Figure S3 . Signaling pathways differentially expressed between breast cancer cell lines "sensitive" and "insensitive" to YC-1 exposure (defined by the IC 50 10 μM threshold). (A) High expression of the cell cycle pathway shows significant association (false discovery rate <5%) with YC-1 sensitivity. Pathway annotations correspond to those in the Kyoto Encyclopedia of Genes and Genomes (KEGG). (B) High expression of the ribosome pathway shows significant association with lower YC-1 sensitivity.
Additional file 6: Table S3 . Pathways potentially associated (false discovery rate <5%) with the breast cancer response to YC-1. 
